Introduction
Numerous diseases of childhood and adolescence are associated with joint surface incongruence of the hip joint due to either insufficient coverage of the normal femoral head by either dysplastic acetabulum or inability of coverage of the pathologically changed femoral head by the well developed acetabulum, or impairment of force balance affecting the bone cartilage, thus surpassing its adaptive capacity; the evolution of such joints most often leads to the degeneration of joint cartilage and early disability.
An up-to-date treatment method of dysplasia and hip joint incongruence in adolescents is the Tonnis triple pelvic osteotomy [1] . It produces a large anterolateral rotation of the acetabular fragment and a significant coverage effect under the conditions of stiffness in the pubic symphysis related to the physiological skeletal maturation [2] . Having been in use for over three decades its clinical results have already been clearly shown. In this study, we have described its biomechanical results precisely, i.e. its quantified impact on force and pressure parameters affecting hip joint surfaces.
The hip joint, as a weight bearing spheroidal type of joint, is affected by numerous forces from various directions of different intensity and duration which concentrate in the centre of joint rotation, which, under physiological conditions, corresponds to Z. Vukasinovic (*) : D. Spasovski University of Belgrade, Faculty of Medicine, Institute for Orthopaedic Surgery "Banjica", Belgrade, Serbia e-mail: zvukasin@beotel.net the centre of the femoral head. With the goal to investigate compact stress distribution in the hip joint, numerous analytical and numerical mathematical models have been developed [3] [4] [5] [6] [7] [8] [9] [10] [11] . In this study, we used a three-dimensional (3D) model of the resultant hip force in a one-legged stance [11] [12] [13] and a 3D model of contact hip stress [4] as presented in detail [14] . Elastic deformation of the cartilage between the joint surfaces of the acetabulum and femoral head was assumed. Geometrical parameters of hips and pelvis simply assessed from standard anteroposterior (AP) radiographs (Fig.1) were used as input in the models. Both models are referred to as the HIPSTRESS method [14] . Invasive diagnostic procedures were avoided (plain radiography of the pelvis with hips in the AP projection is routine diagnostic procedure in the majority of disorders of the hip joint) as it was shown that the radiography-based model is in good concordance (near 90 %) with more complex CT-and NMR-based models [15, 16] . The HIPSTRESS method was used in the analysis of healthy and dysplastic hip joints [17, 18] , various disorders of the hip [14, [19] [20] [21] [22] , and after different surgical procedures, e.g. corrective femoral osteotomies, and Salter, Chiari and Ganz pelvic osteotomy [12, 18, 19, [23] [24] [25] [26] . It is now applied for the first time in the analysis and quantification of Tonnis triple pelvic osteotomy effects.
Materials and methods
The study investigated a group of 92 patients surgically treated by triple pelvic osteotomy in adolescents (aged ten to 20 years), performed at the Institute for Orthopaedic Surgery "Banjica" in Belgrade from 1996-2011, for the treatment of developmental hip disorder and avascular femoral head necrosis (postreductional avascular necrosis of the femoral head or Legg-Calve-Perthes disease). Exclusion criteria were inappropriate radiographic records, femoral head shape impairment (difference between the smallest and the largest diameter of the femoral head contour greater than 2 mm) and hip congruence disorder (luxation and subluxation). After application of these criteria, further study included 75 cases (15 by bilateral surgery), among whom 54 (72 %) were female. Average Wiberg CE angle was 15.18 ±9.3°, with a considerable variation, and median was 15.6°.
Geometrical parameters of the hips (Fig. 1) and pelvis that are needed as input for the HIPSTRESS models were assessed from digitalised preoperative and postoperative radiographs of the pelvis with hips in all observed cases. Measurements were performed using ImageJ software [27] , taking into account the corrective enlargement factor of 0.1 [28] . Patients' body mass was measured using a single analog weighting scale and was on average 48.2±15.9 kg in both measurements. The following biomechanical parameters were calculated: resultant hip force normalised to body weight (R/Wb), inclination of the resultant hip force (θ−R), the position of the stress pole (θ), peak contact hip stress (Pmax), and peak contact hip stress normalised to body weight (Pmax/Wb). Gait quality was also assessed preand postoperatively.
The data were statistically analysed using KolmogorovSmirnov test in the analysis of data distribution normality and the general linear model (one-way and two-way factorial analysis of variance), with McNemar and Wilcoxon tests in the comparison of differences. 
Results
Changes of morphological and biomechanical parameters of the hips after a triple pelvic osteotomy were analysed (Table 1) . Following the operation, the Wiberg CE angle was increased by 17.85°(114 %). All other observed parameters of the operated hips were also improved: resultant hip force normalised to body weight (R/Wb) was decreased by 0.107 (3.3 %), inclination of the resultant hip force (θ−R) was increased by 0.88°(15.3 %), and the position of the hip stress pole inclination (θ) was decreased by 27.59°(63.5 %). The following peak contact hip stress was also decreased after surgery compared to the preoperative level, i.e. direct (Pmax) by 0.78 MPa (46.2 %) and normalised to body weight (Pmax/Wb) by 2249.74 (55.9 %). All differences were of high statistical significance.
Discussion
There is a lack of data on the impact of triple pelvic osteotomy in the treatment of hip joint incongruence in adolescents [29] . By contrast, Ganz periacetabular osteotomy has been significantly studied. For example, using the same hip joint mathematical model, normalised peak contact stress pressure in dysplastic hips was 5.2 (range, 2.2-9.6) kPa/N, and Wiberg CE angle was 15°(7-26°). After Ganz osteotomy these values decreased by 42.3 % to an average value of 3.0 (1.9-5.6) kPa/N, and Wiberg CE angle increased on average by 80.0 %, and was on average 37°(20-68°) [26] . Our clinical material was similarly dysplastic, and with almost the same average value of normalised peak contact hip stress. After triple pelvic osteotomy the measured values were comparable to those recorded after Ganz osteotomy. The CE angle was 33.45°and Pmax/Wb was 2.75±1.77 kPa/N.
Armand et al. have reported that after osteotomy the bearing surface does not change considerably, but that the vector of peak contact hip stress relocated into a more favourable position [6] . In the mathematical model we used, this parameter is represented by (θ) and the change we detected had a statistically high significance, i.e. from preoperative 43.44±13.55°to only 15.85±11.92°after surgery. This is very important because a favourable force distribution decreases the chance for the development of hip joint degenerative changes. The increase of the lateral coverage of the femoral head actually causes an augmentation of the weight bearing area medially due to redistribution of contact hip stress [25] . This indirect effect is larger than the direct effect of increasing the lateral femoral roof. For example, the cartilage thickness, according to a short-term prospective study by Mechlenburg et al. did not significantly change 2.5 years after periacetabular osteotomy [30] .
A significant influence of hip joint congruence on the rate of peak contact hip stress has also been shown by studies of Legg-Calve-Perthes disease, where Park et al. have obtained results ranging from 2.3 to 6.5 MPa [8] . Our study was unable to confirm these statements, probably because the applied mathematical model could not be validly used on the nonspherical femoral head without special modifications.
The effect of triple pelvic osteotomy in the treatment of disordered biomechanical relations between the pelvis and proximal femur is exerted by the improvement of contact stress pressure distribution on the acetabular cartilage. Good results are expected because in our patient group contact hip stress after the operation is sufficiently reduced, which is related to good clinical outcome of the operation [19, 26] . Thus, a lower extent of degenerative damage of the joint can be expected. Application of a three-dimensional model of the hip joint prior to operation and to postoperative radiographs can provide a more precise evaluation of operation result and should contribute to more accurate follow-up. Consideration of biomechanical parameters of hip resultant force distribution, in addition to CE angle which is in routine use in hip dysplasia evaluation, helps surgeons to make a timely indication for operative treatment. Further studies are necessary for the evaluation of long-term results of triple pelvic osteotomy in adolescents, including evaluation of radiographic and clinical signs of degenerative changes of the hip joint. 
